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Abstract We investigated habitat use by juvenile
Chinook salmon (Oncorhynchus tshawytscha)a n d
coho salmon (O. kisutch) to identify environmental
characteristics that may define their optimal marine
habitat. We utilized physical and biological data from
four cruises in the northern California Current system
from Newport, Oregon, to Crescent City, California,
in June and August 2000 and 2002. A non-parametric
statistical method was used to analyze and select
environmental parameters that best defined ocean
habitat for each species. Regression trees were
generated for all cruises combined to select the most
important habitat variables. Chlorophyll a concentra-
tion best defined habitat of yearling Chinook salmon,
while decapod larvae, salinity, and neuston biovolume
defined habitat of yearling coho salmon. Using
criteria from the regression tree analysis, GIS maps
were produced to show that the habitat of yearling
Chinook salmon was widespread over the continental
shelf and the habitat of yearling coho salmon was
variable and mainly north of Cape Blanco.
Keywords Regressiontrees.GIS.Cohosalmon.
Chinook salmon.CaliforniaCurrent.Habitat
Introduction
Examination of the factors leading to variation in
early marine survival of juvenile Pacific salmon
(Oncorhynchus spp.) in the northern California
Current System (CCS) is currently an area of active
research (Brodeur et al. 2000, 2003; Hobday and
Boehlert 2001; Mueter et al. 2002, 2005; Grimes et al.
2007). Upon ocean entrance, juvenile salmon need to
adapt to and inhabit highly dynamic ocean conditions
in the northern CCS, and the first few months at sea
are considered critical in determining survival and
ultimate run size of adult salmon (Pearcy 1992).
Variable ocean conditions in the CCS complicate
assessment of environmental characteristics that define
marine habitat and influence survival of juvenile
salmon. Forexample,changes inthestrength of coastal
upwelling may influence primary and secondary
productivity (Checkley and Barth 2009), which in
turn may have consequences for higher trophic levels
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juvenile salmon in the ocean (Bi et al. 2008).
Off the Washington and Oregon coasts, research
surveys have captured juvenile Chinook salmon (O.
tshawytscha) and coho salmon (O. kisutch)a n d
measured and collected environmental data for more
than a decade (Peterson et al. 2010). This work has
provided insight into the marine survival of these
salmonids as mediated through predation, prey avail-
ability, diet, and growth (Fisher and Pearcy 1995;
Brodeur et al. 2004; Emmett et al. 2006). Fisher and
Pearcy (1995) showed that juvenile Chinook salmon
(≤400 mm FL) occurred at a median distance of
13 km from shore. Small juvenile Chinook salmon
(≤130 mm FL) were caught mainly in relatively warm
(≥15°C) and low salinity (≤17 psu) waters, such as
those in the Columbia River plume, while large
juvenile Chinook salmon (>130 mm FL) were found
in cooler and more saline waters (Fisher and Pearcy
1995). Conversely, Brodeur et al. (2004) showed that
juvenile salmon occupy upwelling areas with cool
temperature and high salinity off southern Oregon and
northern California. Juvenile Chinook salmon were
caught mainly inshore of the 100-m isobath, whereas
juvenile coho salmon tended to be farther offshore
(Brodeur et al. 2004). Peterson et al. (2010), analyz-
ing catches from purse seine catches from the 1980s
and more recent (1998–2007) catches from trawl
surveys off Oregon and Washington found that
salmon were patchily distributed with Chinook
salmon juveniles again found closer to shore than
coho salmon juveniles.
While our understanding of juvenile salmon marine
habitat in the CCS is increasing, explanatory variables
have generally been limited to a few physical charac-
teristics (i.e., temperature, salinity, water depth) and
chlorophyll a and copepod biomass as the only
biological variables (Brodeur et al. 2004; Bi et al.
2007, 2008, 2011; Peterson et al. 2010). Information
is lacking on whether other physical or ocean
processes also play a role and to what extent they
influence the relative abundance of juvenile salmon.
Juvenile salmon generally do not consume copepods
and the small nets used to sample these zooplankton
do not adequately collect what salmon feed upon (see
Brodeur et al. 2011 and references therein). Hence, an
expanded definition of marine habitat that juvenile
salmon are found in is needed that considers the
dominant prey items of juvenile salmon.
We investigated habitat use by juvenile Chinook
salmon and coho salmon using data collected during
four mesoscale cruises in 2000 and 2002 from
Newport, Oregon, to Crescent City, California. A
non-parametric statistical method was used to analyze
and select which environmental parameters defined
the ocean habitat of each species. Regression trees
were generated to select the most important variables
for all cruises combined. The resulting subset of
variables and their criteria (i.e., splitting values) were
overlaid with actual catches in a geographic informa-
tion system (GIS). The primary objective was to
understand which environmental characteristics may
define optimal marine habitat using relative abun-
dance of juvenile salmon catches in the northern
California Current.
Materials and methods
Sample collection
Four mesoscale cruises were conducted on 29 May–
11 June 2000, 28 July–12 August 2000, 1–18 June
2002, and 1–17 August 2002 (hereafter called Jun
2000, Aug 2000, Jun 2002, and Aug 2002, respec-
tively). The sampling area was between Newport,
Oregon(44.7°N)andCrescentCity,California(41.9°N)
over the continental shelf and slope and further west to
126.0°W (Fig. 1). Stations were sampled based upon a
predetermined grid but many sampling locations were
also added adaptively during the cruise depending on
physical features (fronts and eddies) detected by
biophysical and acoustical sampling from additional
oceanographic vessels working in the same area
(Brodeur et al. 2004). Physical water characteristics
were measured with a conductivity-temperature-depth
profiler (CTD) which was deployed to a maximum
depth of 100 m or within 10 m of the bottom in
shallower water. For measurements of chlorophyll a
concentrations, water samples were collected from the
3-m depth and then processed using the cold-acetone
extraction method (Arar and Collins 1997).
Neustonic zooplankton were collectedwith a 333-μm
neuston net with a 1-m wide by 0.3-m high mouth
(Reese et al. 2005; Pool and Brodeur 2006). A General
Oceanics flowmeter was attached in the mouth of the
net to measure the volume of water sampled. The net
was towed off to the side of the vessel, outside of its
234 Environ Biol Fish (2012) 93:233–243wake for 5 min at about 3.7 km h
−1 (2 knots). In the
laboratory, biovolumes were obtained prior to removing
large zooplankton (≥5 mm) for enumeration and
identification.
Juvenile salmon were captured with a Nordic
264 rope trawl (Nor’Eastern Trawl Systems, Inc.,
Bainbridge Island, WA) with meshes ranging from
162.6 cm near the mouth to 8.9 cm in the cod end.
The cod end was lined with 0.8-cm knotless mesh
to retain small fish. The trawl mouth was generally
30-m wide by 18-m deep and spread apart by a pair
of 3.0-m Lite foam-filled trawl doors. The trawl
was then towed at the surface for 30 min, except on
a few occasions when it filled prematurely with
large schools of epipelagic fish or high abundance
of jellyfish. Average trawling speed was 6.3 km h
−1.
Juvenile salmon captured in the trawl were identified
t os p e c i e s ,m e a s u r e dt of o r kl e n g t h ,a n df r o z e nf o r
laboratory analysis. Most sampling occurred during
daylight hours.
Data analysis
Based on past and current studies, we selected
environmental variables that may define potential
marine habitat of juvenile salmon (Table 1). The
strengths of coastal upwelling at the time of salmon
capture, 6-h upwelling indices at 45°N, 125°W were
obtained from an online database (http://las.pfeg.noaa.
gov/las6_5/servlets/dataset). Temperature (°C) and
salinity (psu) from the 3-m depth were selected, and
their gradients from 3 to 20 m were included as
proxies for strength of the thermoclines and haloclines
and depth of the surface mixed layer. Density (sigma-t;
kg m
−3) and its gradient were not used because of a
high correlation between salinity and density (n=364,
r
2=0.90, P<0.001). As indicators of primary and
secondary productivity, we used chlorophyll a con-
centration (μgl
−1) and total neuston (>333 μm)
biovolume (ml · 100 m
−3), respectively. Remaining
variables were concentration (number · 100 m
−3)o f
all large (≥5 mm) neuston, as well as concentrations
of hyperiid amphipods, fishes, decapod larvae (zoeal
and megalopal stages), and euphausiids. These four
taxonomic groups are numerically and gravimetri-
cally dominant prey of juvenile salmon caught off
W a s h i n g t o na n dO r e g o n( B r o d e u re ta l .2007;D a l y
et al. 2009). Although we were able to identify
individuals of these groups down to species in all cases
(Pool and Brodeur 2006), the digestive state of prey in
most stomachs precluded identification beyond these
higher taxonomic categories (Baldwin et al. 2008).
For each haul, catch per unit effort (CPUE) was
calculated by dividing the number of juvenile salmon
captured by the total volume sampled: trawl speed (m
·s e c
−1) × duration fished (sec) × footrope depth (m) ×
headrope width (m) and expressed as number · 10
6 m
−3.
Salmonids that were captured in the trawls were
separated into age classes based on length-frequency
distributions, coded-wire tagging studies, and scale
analysis (J. Fisher, pers. comm., 2007). Our analysis
was limited to yearling Chinook salmon and yearling
coho salmon. Subyearling Chinook salmon were not
included because they were caught in <4% of all trawls.
A non-parametric statistical method, regression
tree analysis, was used to analyze and identify which
Fig. 1 Trawl sampling stations (plus signs) in June and August of 2000 and 2002
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habitat of each salmon species. Although ocean
conditions differed by cruise, all cruises were com-
bined for analyses to provide insight into the range of
conditions to which juvenile salmon may adapt.
Regression trees are generated through recursive
partitioning of data into subgroups that clarify non-
linear relationships between a response and its
associated predictors (Breiman et al. 1984; Therneau
and Atkinson 1997;D e ’ath and Fabricius 2000). Data
are divided by a predictor variable (e.g., temperature,
neuston volume) where its value splits a group of
response data (i.e., salmon CPUE) into two. Each
division is determined by minimization of the sum of
squares within two subgroups, and division continues
until subgroups are relatively homogeneous. Graph-
ically, the base of the tree begins at the top with the
predictor that first divides a group of data and that
explains most of the variation in the data, and
subsequent splits and associated predictors are added
that explain progressively less variation in the data.
These subsequent splits end with terminal nodes or
leaves which contain the final, relatively homoge-
neous subgroups. The length of each branch or
vertical line represents the proportion of the total
sum of squares explained by a split. A predictor
variable can be reused for subsequent splits and can
be used as a surrogate to handle missing cases of a
predictor. After a full regression tree is generated, it is
pruned to a smaller, visually interpretable tree. The
pruning follows a minimum rule based on a set of
fifty 10-fold cross validations so that a pruned tree
minimizes relative error (Breiman et al. 1984;D e ’ath
and Fabricius 2000). Cross validation is a process in
which ten random subgroups of data are used to
calculate the prediction error. Using fifty cross
validations, the minimum rule determines the most
frequently occurring number of splits where the cross-
validation error is at a minimum. The tree is then
pruned to where the number of splits is the most
frequent. Trees were generated in and analyzed using
the rpart package, version 3.1–43 in R, a statistical
software program (R Development Core Team 2006;
Therneau and Atkinson 2006).
In the regression tree analysis, log-transformed
CPUE of salmon species per age class (yearling
Chinook salmon and coho salmon) was the response,
and environmental variables were the predictors.
Because CPUE was considered a count or discrete
variable, we used the Poisson method of the regression
tree analysis. For all cruises combined, full regression
trees were generated until a complexity parameter of
0.001 was reached, and then trees were pruned.
To spatially display the results of the regression
tree analysis, we used ArcGIS version 9.1 (ESRI,
Redlands, CA) to map prominently utilized and non-
utilized habitats of juvenile salmon. To accomplish
this, we used geostatistical modeling techniques to
geographically represent the spatial extent of the
dominant habitat variables obtained at each sampling
station throughout the study region (Johnston et al.
2001). This method provides a means to interpolate
predicted values between sampled stations (no extrap-
olations were used). It has been used previously to
determine the spatial distributions of various species
and community characteristics within this study region
Predictor Depth or size fraction Unit
Temperature 3 m °C
Salinity 3 m psu
Temperature gradient 3–20 m °C
Salinity gradient 3–20 m psu
Upwelling index m
3·s
−1·100 m
−1 coastline
Chlorophyll a concentration 3 m μg·l
−1
Neuston biovolume >333 μm ml·100 m
−3
Total neuston concentration ≥5 mm number·100 m
−3
Hyperiid amphipod concentration ≥5 mm number·100 m
−3
Fish juvenile concentration ≥5 mm number·100 m
−3
Decapod larval concentration ≥5 mm number·100 m
−3
Euphausiid concentration ≥5 mm number·100 m
−3
Table 1 List of predictor
variables selected for
analysis of marine habitat
of juvenile Chinook
salmon and coho salmon
236 Environ Biol Fish (2012) 93:233–243and is described in detailby Reese and Brodeur (2006).
Habitat maps of dominant environmental predictors
found for each salmon species were combined within
the GIS using the Spatial Analyst extension and then
salmon catches at each station were overlaid on the
dominant habitat variables.
Results
Yearling Chinook salmon
Yearling Chinook salmon were captured in 67 of 366
total hauls (Table 2). The initial regression tree
selected 8 predictors with 18 terminal nodes. The tree
was pruned to 1 predictor and 2 terminal nodes
(Fig. 2). Most yearling Chinook salmon were cap-
tured from stations with chlorophyll a concentrations
of more than 1.4 μg·l
−1. In the full regression tree,
total neuston concentration was the second predictor
with a split at 2.5 · 100 m
−3 and temperature was the
third predictor with a split of 10.1°C. However,
standard pruning rules precluded use of more than
one variable in the final tree.
The area of defined habitat for yearling Chinook
salmon was most similar among the June cruises
(Fig. 3). During the June cruises, chlorophyll concen-
trations were highest near shore and decreased with
distance from shore, and nearly all catches of yearling
Chinook salmon were made within the defined habitat
and relatively close to shore, with none found beyond
the shelf break (200-m isobath). During the August
cruises, yearling Chinook salmon were found further
offshore in 2002 than in 2000, even at few stations
beyond the shelf break coincident with the high
chlorophyll concentrations extending further offshore
at this time of the year.
Yearling coho salmon
Yearling coho salmon were captured in 77 of 366 total
hauls (Table 2). The initial regression tree selected 11
predictors with 20 terminal nodes, and the tree was
pruned to 3 predictors and 4 terminal nodes (Fig. 4).
Most yearling coho salmon (in terms of CPUE) were
captured at stations with larval decapod concentra-
tions ≥0.74 · 100 m
−3 and salinity <33.55 psu. Some
yearlings were also captured at stations with neuston
biovolumes <76.42 ml · 100 m
−3.
Table 2 Number of hauls deployed and number of positive
hauls for yearling Chinook salmon and coho salmon by cruise
Cruise Total
deployed
Yearling Chinook
salmon
Yearling Coho
salmon
June 2000 84 7 14
August 2000 79 17 18
June 2002 104 27 27
August 2002 99 16 18
Total 366 67 77
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Fig. 2 Pruned regression tree (top) showing environmental
variables and splitting values to define preferred and non-
preferred habitats of yearling Chinook salmon. Under each
terminal node, the mean CPUE is followed by the number of
hauls. The variable unit is: chlorophyll a=μg·l
−1. The box plot
(bottom) shows log-transformed CPUE per terminal node. The
boxes denote the 75th (top end of box) and 90th (whisker)
percentiles with outliers (dots)
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terms of larval decapod concentrations (≥0.74 ·
100 m
−3) and salinity (<33.55 psu) was more limited
during the 2000 cruises than during the 2002 cruises.
Yearling coho salmon catches were typically more
offshore compared to catches of yearling Chinook
salmon (Figs. 3 and 5). Yearling coho salmon tended
to be most abundant on the mid-shelf (100 m–200 m
isobaths) during all cruises. In terms of suitable
habitat based on model results, the August cruises
showed a better fit to the catch data than did the June
cruises. During June 2000, yearling coho salmon were
mostly limited to relatively few stations close to shore
and were within the modeled habitat conditions. An
exception to this occurred at three neighboring
stations on the northernmost transect line. These
stations were sampled twice on different days result-
ing in either positive catches or no catches which
introduced considerable variability in determining
suitable habitat conditions there. At these stations, 4
positive catches had no decapod larvae in the neuston
(≥5-mm size fraction). During June 2002, suitable
habitat conditions were found over most of the
sampled region with the exception of the southern
portion of the study that was close to shore. In
addition, during August 2000, modeled conditions
were met at several offshore stations, however,
yearling coho salmon are typically not found this far
offshore and no positive catches were obtained.
Discussion
This study identified the relative importance of
environmental variables in defining preferred marine
habitat for juvenile Chinook and coho salmon. Our
analysis reduced a large number of potential habitat
variables to a select few, and provided an optimal
range of these variables with which to define habitat
for juveniles of both species. In addition, we focused
on bottom-up controls in terms of suitable habitat
characteristics. Coastal upwelling occurs sporadically
along the Oregon coast throughout the upwelling
season (Checkley and Barth 2009). When these
pulsed events occur, cooler, nutrient-rich water that
is brought to the surface fuels primary productivity.
This typically occurs close to shore, with higher
chlorophyll concentrations occurring along the shore
and decreasing with increased distance from shore.
The upwelling and subsequent increased chlorophyll
concentrations correspond with our results.
One possible explanation for higher catches of
yearlingChinooksalmonatthenearshore,southernmost
stations is that this location is in an area known for
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Fig. 4 Pruned regression tree (top) showing environmental
variables and splitting values to define preferred and non-
preferred habitats of yearling coho salmon. Under each
terminal node, the mean CPUE is followed by the number of
hauls. The variable units are: decapods = number · 100 m
−3,
biovolume = ml · 100 m
−3, and salinity = psu. The box plot
(bottom) shows log-transformed CPUE per terminal node. The
boxes denote the median (line inside box), 75th (top end of
box) and 90th (whisker) percentiles, and outliers (dots)
Fig. 3 Maps showing the preferred and non-preferred habitat
of yearling Chinook salmon and its distribution in a June 2000,
b August 2000, c June 2002, and d August 2002. The dotted
and solid lines next to the coastline represent the 100- and
200-m isobaths, respectively. Salmon abundance is expressed
in CPUE
R
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Brodeur 2006). Moreover, juvenile Chinook salmon
from Oregon coastal rivers south of Cape Blanco
(~42.8°N) tend to migrate southward and mature in
waters off southern Oregon and northern California
(Nicholas and Hankin 1989; Myers et al. 1998). Based
on genetic analysis of juvenile Chinook salmon
captured between Cape Blanco and California in
August 2000, 53% were from the Rogue, Chetco, and
Winchuck rivers south of the cape, and a considerable
proportion of the other salmonids caught originated
from rivers in California (Brodeur et al. 2004). The
location of these natal streams, direction of ocean
migration, and relatively strong upwelling conditions
in this area likely contributed to the catches of yearling
Chinook salmon on the southernmost transect.
The increase in yearling coho salmon catches from
south to north corresponded with higher concentra-
tions of decapod larvae except in June 2002, when
decapod larvae also were concentrated south of areas
designated as preferred habitat. During all four
cruises, Dungeness crab (Cancer magister) megalo-
pae were the most abundant and frequently occurring
decapods in the neustonic mesozooplankton, followed
by Oregon and red rock crab (C. oregonensis/C.
productus) megalopae (Reese et al. 2005; Pool and
Brodeur 2006). In addition, each of these taxa was
one of the ten most abundant mesozooplankton in the
neuston, was more abundant in June than in August,
a n dw a sm o r ea b u n d a n ti n2 0 0 2t h a ni n2 0 0 0 .
Juvenile coho salmon normally consume Cancer
spp. megalopae and appear to selectively feed upon
them relative to their availability in the plankton
(Schabetsberger et al. 2003). In diets of salmon
examined during this study, decapod larvae were more
abundant in June than in August, especially in 2002
(Miller and Brodeur 2007; Baldwin et al. 2008), and
this may be a function of their life history in which
the megalopal stage settles between June and August.
From June to August, a proportion of yearling
coho salmon migrates to the north of their natal
streams, but many originate in coastal rivers of
Oregon and remain off the Oregon coast during the
entire summer (Pearcy and Fisher 1988; Peterson et al.
2010). Indeed, genetic analysis of the coho salmon
collected in our sampling in 2000 confirmed that they
mostly originated from central Oregon and northern
California rivers (Brodeur et al. 2004). This region is
somewhat influenced by freshwater discharge from
the Columbia River which produces a distinct low
salinity plume that typically moves south in the
summer and is often found offshore in the northern
part of the study region (Hickey and Banas 2003).
Our analysis suggests that yearling coho salmon were
more likely to be found in lower than normal salinity
waters that likely originated from the Columbia River.
The analytical techniques and potential habitat
variables generated in the present study expanded
the existing definition of optimal marine habitat for
juvenile Chinook and coho salmon using the distri-
bution of both physical factors and the food resources
that are the major prey resources of juvenile coho and
Chinook salmon in coastal waters (Baldwin et al.
2008; Daly et al. 2009; Brodeur et al. 2011). Using
these techniques, we showed that several environ-
mental and biological variables did appear to be
related to juvenile salmon distribution to a limited
extent. In addition, other physical or biological
variables that we were not able to measure (horizontal
gradients such as temperature or salinity fronts, larval
decapod concentrations) may also be important to the
distribution of these fish (Emmett et al. 2004;
DeRobertis et al. 2005). Salmon are patchily distrib-
uted in the ocean environment (Peterson et al. 2010)
and our tows which extended over several km in length
m a yh a v ei n t e g r a t e da c r o s sm u l t i p l e‘microhabitats’
that we were not able to detect. Also, the relatively low
number of positive catches of juvenile Chinook and
coho salmon likely limited our ability to determine the
precise habitat characteristics for both species. To
increase our sample size, we combined data from all
cruises to determine habitat characteristics that each
species are likely to be associated with, and this is a
potential reason for of the suboptimal fit in some of the
mapped representations of modeled results. Nonethe-
less, our results support previous findings relating to
the distribution of these two species and provide
additional and valuable information on the habitat
characteristics important to both species.
Regression tree analysis has only recently been
used in oceanographic work, but has been applied to
studies ranging from sessile species such as corals
Fig. 5 Maps showing the preferred and non-preferred habitat
of yearling coho salmon and its distribution in a June 2000, b
August 2000, c June 2002, and d August 2002. The dotted
and solid lines next to the coastline represent the 100- and
200-m isobaths, respectively. Salmon abundance is expressed
in CPUE
R
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2006) to migratory species such as sharks and whales
(Friedlaender et al. 2006; Goetz et al. 2007; Froeshke
et al. 2010). Applications of this methodology to fish
species are rare (Norcross et al. 1997; Gutiérrez et al.
2007; Haynes et al. 2008) but could yield some useful
information of fish habitat preferences. While our
analytical approach to juvenile salmon habitat in the
ocean had not been done before, it clearly described
environmental characteristics that may make some
habitats more attractive for juvenile salmon.
Zero-inflated counts are common in ecological
studies of species abundance and distribution (Bi et al.
2007). Because we were interested in defining
preferred as well as non-preferred marine habitat, it
was necessary to include the zero observations of
juvenile salmon catches. However, juvenile salmon
may have avoided the trawl and vessel in locations of
preferred marine habitat, or they may not have
reached these locations by the time of trawling due
to migration timing, particularly from areas of great
distance from the natal streams.
In conclusion, this study led to an increased
understanding of which environmental characteristics
may play a role in the marine habitat of juvenile
salmon in the CCS. Other variables that we did not
measure may play a more important role than, or
work in conjunction with, the variables indicated
here. The regression tree analysis and GIS mapping
were useful in producing visually interpretable habitats
which changed in size and area between cruises.
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